The nanoporous structure and catalytic activities of a new nanoporous metallic platinum (NMP) were studied. The SEM image and N 2 adsorption isotherm of NMP indicated that NMP is highly microporous and mesoporous compared with Pt black (PB). The gas-phase reactivity of NMP for the water-formation reaction at 247 K showed that NMP has a catalytic activity that is 1.6-times higher than that of PB after 60 min and a reaction rate constant that is three-times larger than that of PB. On the other hand, NMP dispersed on a glassy carbon plate (GC) with Nafion ® 117 showed an electrochemical reactivity towards methanol electro-oxidation that was lower than that of PB on the same GC electrode. However, the poisoning resistance of NMP on the GC electrode was higher than that of PB under the same conditions.
INTRODUCTION
The contributions of catalytic chemistry are of increasing importance in saving the global environment and accomplishing sustainable chemistry. Consequently, many novel and interesting catalysts are being developed almost on a daily basis. Metallic catalysts, which play one of the most important roles in laboratory and industrial chemistry, have been studied quite actively. Generally speaking, the smaller the metal particles, the higher their catalytic activity. Hence, a major trend in new catalysts is the preparation of finer catalysts of sufficient stability (Croy et al. 2007; Bezemer et al. 2006; Tsunoyama et al. 2006; Zhou et al. 2006) . Nanoporous materials have been energetically developed in recent decades because of their considerable surface areas, specific properties (Matsumura et al. 2007; Anandan and Okazaki 2005; Ohba et al. 2004; Ohkubo et al. 2002) and promising applications (Yang et al. 2007; Kondo et al. 2006; Mueller et al. 2006; Bekyarova et al. 2005) . A number of nanoporous materials such as zeolites (Sachtler and Zhang 2005) , mesoporous silica (Fukuoka et al. 2007 ) and nanocarbons (Itoh et al. 2008; Yoon and Wai 2005; Joo et al. 2001; Imai et al. 1991 ) have proved very useful as catalyst supports because their large surface areas are effective for the high dispersion of catalyst metals and the nanopores they contain possess strong molecular fields capable of concentrating reactants and thereby promoting reactions. This is known as the quasi-high-pressure effect (Nishi et al. 1998; Imai et al. 1991) . Thus, we have two routes for obtaining efficient metallic catalysts. However, if nanoporous metals can be prepared as heterogeneous catalysts, they should provide promising catalysts. Accordingly, many studies have been carried out to develop nanoporous metals. Unfortunately, such metals have proved to be very unstable, being easily oxidized or sintered (Erlebacher et al. 2001; Hakamada and Mabuchi 2006; Attard et al. 1997; Thorp et al. 2006; Zhang et al. 2007) .
Recently, we reported the synthesis of nanoporous metallic nickel using a polyvinyl alcohol as a polymer precursor (Hattori et al. 2003) and nanoporous metallic platinum (NMP) using nonporous silica nanoparticles as a template material (Asai et al. 2005) . Such particles are very stable under ambient conditions because they contain a small amount of residual carbon which prevents the oxidation and sintering of the nanoporous metals. In this paper, we discuss the nanopore structure and catalytic activities of NMP both in the gaseous and liquid phase.
EXPERIMENTAL

Preparation
The detailed process for the synthesis of NMP has been reported previously (Asai et al. 2005 ). Thus, solid H 2 PtCl 6 was dissolved in acetone and then pre-treated non-porous silica nanoparticles (Fine Seal X-37, Tokuyama Co. Ltd., Shibuya-ku, Tokyo, Japan) with an average particle diameter of 15-20 nm were added to the solution as the template. After drying with acetone, the residual composite was heated at 723 K in vacuo to effect its reduction to platinum metal. Non-porous silica templates were removed by dissolution in alkaline aqueous solution, while the carbon impurities derived from the residual acetone were removed by aerial oxidation at 463 K. Such procedures led to the formation of NMP with 0.37 wt% carbon content as determined by thermogravimetric analysis.
Characterization
The morphology and oxidation state of NMP were investigated by scanning electron microscopy (SEM, JEOL Ltd., JSM-6330F) and X-ray photoelectron spectroscopy (XPS, JEOL Ltd., JPS-9010MX), respectively, using Mg Kα radiation at 1253.6 eV. In the XPS measurements, the NMP was subjected to argon ion etching to eliminate the effects of the slight amounts of residual carbon. Nitrogen adsorption isotherms were measured using a Quantachrome Autosorb-MP-1 volumetric instrument after pre-treatment of NMP at 423 K at 1.3 mPa pressure for 2 h to determine the BET specific surface area and the mesopore-size distribution. The Pt effective surface area of NMP was evaluated using a gaseous CO pulse chemisorption system (Ohkura Riken Ltd., Shirako, Wako-shi, Saitama, Japan, R6015) after pre-treatment at 373 K under a reducing hydrogen atmosphere, assuming the ratio of CO to surface Pt atoms to be 1:1 (Anderson et al. 2006 ).
Liquid-phase methanol electro-oxidation reactivity measurements
The preparation procedure employed for the working electrodes used for electrochemical analyses was as follows. NMP and commercial platinum black (PB, Wako Pure Chemical Industries Co., Chuo-ku, Osaka 540-8605, Japan), with a specific surface area of 20 m 2 /g which was employed as a reference material, were suspended in de-ionized water by ultrasonication and then dropped onto glassy carbon plates (GC, Tokai Carbon Co., Ltd., Minato-ku, Tokyo, Japan) used as the substrate for the electrode. After drying, a small amount of 5.0 wt% Nafion ® 117 isopropyl alcohol solution (Wako Pure Chemical Industries Co.) was then dropped on the surface of the electrode to coat the latter. NMP/GC and PB/GC electrodes were subsequently obtained after drying. Electrochemical measurements were carried out using the NMP/GC, Pt plate and Ag/AgCl electrodes as the working, counter and reference electrodes, respectively. The electrodes were pre-treated by cyclic voltammetry in 0.5 mol/dm 3 sulphuric acid over the range of -0.09 V to 1.5 V versus an Ag/AgCl reference electrode at a sweep rate of 500 mV/s for 250 cycles. The electrochemically active surface areas of the NMP/GC and the PB/GC electrodes were subsequently obtained by cyclic voltammetry (HSV-100, Hokuto Denko Co., Ltd., Atsugi-shi, Kanagawa, Japan) in an oxygen-free 0.5 mol/dm 3 sulphuric acid solution after a nitrogen gas flow.
The electrocatalytic activity of NMP towards the methanol oxidation reaction was examined in order to check the unique properties of NMP, since the electro-oxidation of methanol is well known as being important for a direct methanol fuel cell (Wasmus and Küver 1999). The cyclic voltammetry measurements were performed using an aqueous solution containing 1.0 mol/dm 3 methanol and 0.5 mol/dm 3 sulphuric acid at 298 K after bubbling with N 2 for 30 min to eliminate oxygen.
All measurements of the electrochemically active surface areas and the methanol electrooxidation were repeated twice in order to examine the deterioration of Pt catalysts as the result of the adsorption of poisonous species (Wasmus and Küver 1999).
Gas-phase water-formation reactivity measurement
The gas-phase catalytic activities of NMP were checked using the water-formation reaction which is a fundamental Pt-catalyzed reaction and one of the most important with respect to hydrogen energy methods. The water-formation reactivity measurements were carried out using a closed circular system connected to a gas chromatograph (GC-8AIT, Shimadzu Co., Nakagyo-ku, Kyoto, Japan).
NMP and PB (1.0 mg) were pre-treated by heating at 0.8 mPa pressure at 423 K. A gas mixture of H 2 (< 4 vol%) and O 2 (< 10 vol%), diluted with He to atmosphere pressure, was introduced onto the Pt catalysts at 247 K. The turnover number (TON), i.e. the total molar amount of products per mole of catalytic elements, which demonstrates the essential catalytic activity of catalysts towards the water-formation reaction, was used to indicate the catalytic activity.
RESULTS AND DISCUSSION
Characterization of NMP
The morphology of NMP as observed by SEM methods is depicted in Figure 1 . The image presented indicates that the NMP particles were of a "broken-capsule" shape with a diameter in the range 20-30 nm. Such particles were generated because the hollow Pt nano-capsules obtained by the template method using commercial non-porous silica nanoparticles burst during the process of removing carbon impurities (Asai et al. 2005) . Figure 2 shows the Pt 4f X-ray photoelectron spectra of NMP and PB before and after Ar ion etching. The Pt 4f 7/2 binding energies on NMP were 70.7 eV and 70.4 eV before and after Ar ion etching, respectively. The binding energy of PB was 71.0 eV irrespective of Ar ion etching. This result demonstrates the metallic state of NMP. The smaller peak height and broadened peak shape observed for NMP before etching are probably due to trace amounts of residual carbon on the Pt surface. Other than C and O, no other photoelectron peaks were detected for NMP, indicating that any Cl and Si species were completely removed by the preparation procedure. Figure 3 presents the N 2 adsorption isotherms on NMP and PB at 77 K. The amount adsorbed by NMP was much larger than by PB, especially over the small relative pressure (P/P 0 ) range, thereby showing the predominant contribution by micropores in NMP [ Figure 3(b) ]. Both NMP and PB exhibited adsorption hysteresis above P/P 0 = 0.65. The shape of the hysteresis loop on NMP was close to the IUPAC H2 type, suggesting the presence of a gel-like structure with large voids. These results indicate that NMP was highly microporous and mesoporous compared with PB. The BET specific surface areas determined from the N 2 adsorption isotherms were 103 m 2 /g for NMP and 20 m 2 /g for PB, respectively; similarly, the micropore volumes from the DR method were 0.33 mᐉ/g for NMP and 0.06 mᐉ/g for PB, respectively. Since NMP has surface carbon atoms as shown in Figure 2 , we evaluated the Pt effective surface area of NMP via gaseous CO pulse chemisorption. This method gave a value for the Pt effective surface area of 15 m 2 /g, which was similar to the BET specific surface area of PB. The slight discrepancy in the BET and CO adsorption surface areas of NMP probably stems from the presence of a de-activated surface with residual carbon, with the pre-chemisorbed CO molecules blocking the entrances to the surface pores. The BJH mesopore-size distributions of NMP and PB (Barrett et al. 1951) shown in Figure 4 indicate that NMP possessed virtually uniform mesopores of ca. 7 nm diameter. This pore size did not accord with the average particle diameter of the template materials of 15-20 nm. Hence, the mesopores in NMP originate from the gel-type assembly structure of the NMP particles. 
Liquid-phase methanol electro-oxidation reactivity
The cyclic voltammograms of the NMP/GC and PB/GC electrodes are shown in Figure 5 . Four peaks may be identified in the voltammograms depicted in Figure 5 (Rodríguez et al. 2000) . As shown in Figure 6 (see below), the electrocatalytic activity towards methanol oxidation was examined after the voltammetric measurement of the first cyclic in a sulphuric acid solution, following which the second measurement in a sulphuric acid solution was undertaken. The electro-active surface areas of Pt may be determined via the total quantity of electricity involved, as evaluated from the peak areas derived from H 2 desorption [ Figure 5 (b), region iv] (Rodríguez et al. 2000) . Table 1 lists the electrochemically active surface areas of the two working electrodes. These values were much less than the BET specific surface areas derived from N 2 adsorption measurements because physical adsorption of N 2 occurred on the total number of surface sites, whereas the electrochemically active surface area arises from sites which were specific towards H 2 . The value of the electrochemically active surface area of NMP was much less than the Pt effective surface area derived from the CO chemisorption studies. This was because the electrochemically active surface area was determined for the Pt surface-coated with Nafion ® . The electrochemically active surface area of the NMP/GC electrode was virtually the same as that of the PB/GC electrode in the first run. Although both surface areas were reduced in the second run through deterioration brought about by methanol electro-oxidation, the decrease registered by the PB/GC electrode was more marked than that of the NMP/GC electrode. Poisoning species such as CO and COH, produced by the first methanol electro-oxidation, would be adsorbed on the Pt surface, thereby reducing the active surface area (Wasmus and Küver 1999) . The lower deterioration exhibited by NMP suggests activated diffusion of the poisoning species into the nanopores. Figure 6 shows the cyclic voltammograms of the NMP/GC and the PB/GC electrodes in methanol solution. The voltammograms for methanol oxidation are very characteristic. Although anodic processes exhibit normal voltammograms with an anodic current peak, a similar anodic peak also appears in cathodic processes because of some oxidation (Lee et al. 2002; Iwasita 2002) . The current peak values may be regarded as a measure of the electrocatalytic activity of each electrode. In the first run, the anodic and cathodic peak values for the NMP/GC electrode were lower than those for the PB/GC electrode, indicating that the NMP/GC electrode had a slightly lower activity than the PB/GC electrode. This may be attributed to the existence of micropores incapable of access by methanol molecules in NMP. Poisoning led to the electro-activities of both electrodes in the second run being lower than those in the first run. The second methanol electrooxidation activity of the NMP/GC electrode was also lower than that of the PB/GC electrode, but de-activation of the NMP/GC electrode was less than that of the PB/GC electrode; the percentage de-activation for the NMP/GC electrode was 12% and 19% for the PB/GC electrode, respectively. This difference suggests that the NMP/GC electrode was more resistant towards poisoning effects than the PB/GC electrode. The change in the electrochemically active surface area mentioned above also supports this conclusion (Table 1) . Figure 7 shows the time courses of the turnover number (TON) for the gas-phase water-formation reaction at 247 K. It will be seen from the figure that the catalytic activity of NMP was 160% larger than that of PB after 60 min. The reaction rate constant of NMP, as determined from the data depicted in Figure 7 , was much larger than that of PB, viz. 3 × 10 4 min -1 for NMP and 1 × 10 4 min -1 for PB. It may be assumed that O 2 and H 2 molecules adsorbed onto the surface react with each other, since no water formation was observed in the absence of catalysts. Both O 2 and H 2 exist as supercritical gases at the reaction temperature employed. Hence, both supercritical gases are only capable of being adsorbed in micropores having an extensive interaction potential with the molecules of these gases. Accordingly, NMP exhibited a remarkably high activity towards the water-formation reaction compared with PB. Despite the rapidity of the process, we intend to measure the temperature dependence of the reaction rate constant in future work. 
Reactivity in the gas-phase formation of water
CONCLUSIONS
Newly-developed nanoporous metallic platinum (NMP) possessing micropores and mesopores exhibited an excellent reactivity towards the gas-phase water-formation reaction as a consequence of the enhanced adsorption of the H 2 and O 2 reactants in the micropores. However, such micropores were incapable of promoting the liquid-phase methanol electro-oxidation reaction because of the difficulty of access of the methanol molecules. Although the mesopores in NMP make no contribution towards accelerating methanol electro-oxidation, but they probably promote diffusion of poisoning species. Hence, there is a need to develop new NMP materials possessing larger micropores which provide easy access to methanol molecules. T. Itoh et al./Adsorption Science & Technology Vol. 28 
